ABSTRACT: Two distinct climatic seasons in the tropics generate extreme environmental fluctuations in land-based aquaculture and corresponding challenges for integrated aquaculture. Here we assessed the influence of environmental and culture variables on productivity of Cladophora coelothrix at multiple scales, firstly in an operational settlement pond and subsequently in laboratory and flow-through mesocosm experiments. Classification and regression tree (CART) analyses were used to partition the influence of key variables on growth. In situ productivity correlated primarily with nitrogen concentration, position in the pond and stocking density, with a lesser influence of salinity, temperature and the ratio of nitrate-nitrogen (NO 3 − -N) and total ammonium nitrogen (TAN). We subsequently evaluated the resilience of C. coelothrix in laboratory and mesocosm environments by manipulating salinity, temperature and nutrients across a broader range of values derived from a year-long survey of the settlement pond. Here temperature had the greatest influence on growth, followed by nitrogen concentration and salinity. Growth rates of C. coelothrix were high, irrespective of season, except at the extremes of each season, for example, at the lowest annual temperature and with the combination of high temperature and low salinity. Growth was also limited by ~20% when NO 3 − -N and TAN were available simultaneously. The use of CART analyses for both in situ and controlled environment data provided a formal dissection of the relative contribution of each environmental variable to growth, demonstrating the year-round potential for bioremediation and identifying the critical combinations of environmental variables for management of this system. 
INTRODUCTION
High levels of inorganic nutrients (nitrogen and phosphorus) are present in many anthropogenically impacted environments, including intensive aquaculture (Sarà 2007 , Lin & Fong 2008 , Abreu et al. 2009 ). Arguably the most effective method to remove dissolved inorganic nutrients from aquatic environments is through the integrated culture of algal biomass, in particular for point-source discharge from land-based aquaculture (Crab et al. 2007, reviewed by Troell 2009 ). However, a major constraint on integrated aquaculture is the selection of robust algal species which are effective across seasonal fluctuations in the environment and are also responsive to aquaculture operational cycles, that is, species which are productive through both peak and off-peak production (Neori et al. 2004) .
Green tide algae are typically coastal or estuarine species which form opportunistic blooms under eutrophic conditions, sometimes at staggering scales (Lavery & McComb 1991 , Raven & Taylor 2003 , Pang et al. 2010 ). In the past, green tide algae have been considered pest species in the targeted culture of high-value seaweeds (Fletcher 1995 . More recently, green tide algae have instead been targeted to treat aquaculture effluents because of their nuisance characteristics (de Paula Silva et al. 2008) . These are primarily rapid growth rates, an ability to use multiple sources of nitrogen and a broad environmental tolerance (Pedersen & Borum 1997 , Taylor et al. 2001 ). This recent emphasis on high-productivity biomass for integrated aquaculture is warranted given a new focus on algal biomass for diverse and innovative bioenergy applications, such as biocrude (Zhou et al. 2010 ) and biochar (Bird et al. 2011 (Bird et al. , 2012 . It is unclear, however, how characteristics unique to tropical land-based aquaculture, in particular monsoonal fluctuations in temperature and salinity with high nitrogen concentrations present in multiple sources (ammonium and nitrate), will influence year-round productivity of green tide algae. In natural settings, complex interactions exist between environmental factors and nitrogen, leading to dynamic growth responses of species which can explain patterns of abundance (Lotze & Worm 2002) . For example, Ulva (Enteromorpha) intestinalis is more resilient in low salinity (15 ‰) when nitrogen concentration is high (>150 µM of nitrate-N), rather than low (<19 µM; Kamer & Fong 2001) . Nitrogen source is also a driver of productivity, as ammonium can inhibit nitrate uptake even at low concentrations (see Dortch 1990 and Raven et al. 1992 for comprehensive reviews). These examples demonstrate the need to understand species-specific responses to interactions between key factors under environmental conditions relevant to land-based aquaculture in order to optimise algal productivity and bioremediation and to produce a reliable supply of biomass.
The present study, therefore, quantifies the productivity, resilience and, by extension, the bioremediation potential of Cladophora coelothrix Kützing in an operational settlement pond receiving effluents from intensive finfish aquaculture. We evaluated growth of this green tide alga at multiple scales, with a 4 mo in situ experiment, a controlled environment experiment in the laboratory and a flow-through outdoor mesocosm experiment. This combination of in situ and controlled environment data provided a comprehensive assessment of the factors which drive productivity of a green tide alga in an integrated aquaculture system. The in situ data provided a correlative assessment of algal productivity relative to marked changes in environmental conditions across a 4 mo period. We subsequently simulated annual variation in environmental variables (temperature, salinity and nutrients) relevant to this tropical landbased aquaculture system in order to test the growth and resilience of C. coelothrix in 2 controlled experiments. Classification and regression tree analyses were used for interpretation of these complex data sets, providing comparisons of the relative importance of environmental variables for the growth of this green tide alga.
MATERIALS AND METHODS

Environmental parameters monitoring in situ
The present study was conducted at Good Fortune Bay Fisheries Ltd., an intensive saltwater barramundi Lates calcarifer Bloch farm located at Bowen, northern Queensland, Australia (latitude 20.02°S, longitude 148.22°E). This site is located in the dry tropics and is characterized by a wet season (during austral summer) followed by a dry season (austral winter). The primary bioremediation area at the farm consists of a 5 ha settlement pond receiving the effluent water from intensive finfish cultivation. Seasonal and spatial variations in the physicochemical properties of the effluent water in the settlement pond were determined by water quality measurements taken every 2 wk from May 2008 to April 2009 (Table 1) . Temperature (°C) and salinity (‰) were measured using a multi-parameter probe (Oakton model PCD 650). Samples were consistently taken at 8 fixed collection points around the settlement pond, ~3 m from the edge and at a depth of 30 cm (Site 1 closest to the inlet and Site 8 closest to the outlet). Nitrogen was measured from water samples taken at the same 8 sites. These samples were filtered through cellulose membrane filters (Sartorious, Minisart 0.45 µm) and placed on ice for transportation to the laboratory, where they were stored at -20°C. Nitrogen analysis was done with a Hach colorimeter (Model DR/890) following the prescribed methods: total ammonia nitrogen (TAN) was analysed using the salicylate method and nitrate-nitrogen and nitritenitrogen (NO x − -N) were analysed simultaneously using a cadmium reduction technique. However, since nitrite is rapidly oxidized to nitrate, the nitrogen enrichments used in the controlled experiments were nitrate-nitrogen (NO 3 − -N) and/or TAN. The farm is located at a latitude 20.02°S in the tropics, and has a yearly average of light availability of 1000 µmol photons m −2 s −1 (calculated from the global solar exposure from the Australian Bureau of Meteorology, www. bom . gov.au/climate/data).
Algal biomass collection
The green tide alga Cladophora coelothrix has a broad geographic range, from temperate to tropical climates, predominantly in Europe and Australia (Guiry & Guiry 2012) . It forms a large bloom in the settlement pond of Good Fortune Bay Fisheries Ltd. that is most pronounced in the second half of the year, from June through to December. C. coelothrix was sampled in May 2009 from the dense floating mats in the pond. Samples were collected by hand and restocked in experimental plots (Expt 1, below) or placed in seawater with aeration for controlled environment experiments (Expts 2 and 3). Isolated cultures were maintained for 2 mo before conducting the experimental trials in outdoor aquaria on a recircu lating system (~28°C, 36 ‰) at the Marine and Aquaculture Research Facilities Unit (MARFU) at James Cook University, Townsville, Australia.
Expt 1: in situ biomass productivity
Productivity of Cladophora coelothrix was measured for 4 mo, from June to September 2008 over the winter season, at 8 positions around the settlement pond. This culture period provided marked variation in environmental conditions relative to annual variation (see Table 1 ). Three experimental plots containing different densities were located at each of the 8 sites. The densities used in this experiment (0.25, 0.5 and 1 kg m −2 fresh weight) were based on the growth/ harvest model by de Paula Silva et al. (2008) . The culture units (1 m 2 , 15 cm deep) were made by attaching plastic oyster trays (XL6 Aquatray, Tooltech Pty Ltd) to PVC pipe for flotation, which were then anchored by pickets to the periphery of the pond. Culture units were stocked with freshly collected samples, after excess water had been removed using a hand-operated salad spinner. No aeration or other agitation was provided to the cultures.
Productivity was analysed for a 14 d growth cycle at the start of each month, from June to September 2009. Biomass was completely harvested from each culture unit, spun-dry and weighed using a digital scale (Adam APFL 4000). Sub-samples of each unit were oven dried for 48 h at 60°C to determine the fresh to dry weight ratio (on average FW:DW = 3.5).
) was then calculated using Eq. (1):
where W i is the initial biomass, W f is the final biomass, FW:DW is the fresh to dry weight ratio (3.5), A is the area of culture unit (1 m 2 ) and T is the number of days in culture (14 d).
Expt 2: interactive effects of temperature, salinity and nitrogen (concentration and source) on growth
The values for temperature, salinity and nitrogen (concentration and source) for the controlled environment experiments were derived from the in situ annual survey of the settlement pond (see Table 1 ). The potential interactions between these factors were evaluated using a factorial design, where the nitrogen sources (NO 3 − -N or TAN) were added as single sources to the culture medium at 4 relevant nitrogen concentrations: low (35 µM), average (70 µM), high (105 µM) and very high (210 µM), with the latter included as the maximum permitted discharge concentration in Australia (equivalent to 3 mg l -N (µM) 32.1 ± 10 26.4 ± 07 36.4 ± 11 47.9 ± 12 39.3 ± 10 50.7 ± 10 43.6 ± 10 51.4 ± 10 53.4 ± 12 50.7 ± 13 43.6 ± 08 TAN (µM) 15.7 ± 05 10.7 ± 10 19.3 ± 08 22.9 ± 15 18.6 ± 18 36.4 ± 13 37.1 ± 12 43. Table 1 ).
Culture media were prepared using a base of sterile seawater (32 ‰) with low inorganic nutrients concentration (NO x − -N 3.5 µM; TAN 0.0 µM; PO 4 3-0.65 µM). Salinities < 32 ‰ were diluted with distilled water, and the background nitrogen and phosphorus levels were restored to previous levels. Artificial sea salts without nitrogen (Aquasonic) were added to increase salinity. Culture media (f/2; Guillard & Ryther 1962) , in a 12 h light:12 h dark photoperiod, in seawater (36 ‰) with f/2 medium renewed daily. Algae were kept in batch culture to expose them to the same nutrient concentration prior to experiments. Samples of ~100 mg FW were taken from the stock culture and placed into culture vessels (120 ml clear plastic; Techno Plas) containing 100 ml of growth media (n = 3 for each salinity × nitrogen concentration × nitrogen source). Culture vessels were randomly allocated a position within the environmental test chamber, with a controlled light intensity of 150 µmol photons m
, a photoperiod of 14 h light:10 h dark, and constant temperature (24, 28, or 33°C, in consecutive experiments). Samples were repositioned daily to limit any potential artefacts from light variation within the chamber. Culture media in all vessels were replaced on Day 5, with a total growth period of 10 d. Algal biomass was measured at the beginning and after 10 d, and growth was calculated as daily growth rates (DGR; % d −1 ) using Eq. (2):
where W i is initial fresh weight, W f is final fresh weight and T is the number of days in culture.
Expt 3: interactive effects of single and multiple nitrogen sources with salinity on growth
Both ammonium and nitrate are available to varying degrees within the pond and throughout the year (see Table 1 ). The effect of different ratios of nitrogen sources on growth is potentially important but could not be effectively evaluated at the laboratory scale.
To test the effect of different nitrogen ratios (NO 3 − -N:TAN) on growth we instead used an outdoor flowthrough system to simulate the conditions in the settlement pond by maintaining specific nitrogen ratios throughout the experiment. The experimental design comprised of 2 single source nitrogen treatments, NO 3 − -N or TAN (1:0 and 0:1), and 3 multiple nitrogen sources in different NO 3 − -N:TAN ratios (3:1, 1:1 and 1:3). All treatments had nitrogen concentrations over saturation levels (105 µM) according to Expt 2 (see 'Results'). Two salinities (17 and 32 ‰) were used to represent the wet and dry seasons from the seasonal survey (n = 3 for each nitrogen ratio × salinity).
The flow-through system consisted of 10 raised 70 l sumps, supplying a constant gravity feed of 1 V (volume) h −1 to 220 ml culture vessels (clear plastic; Techno Plas) containing an initial mass of 100 mg FW. Sumps were refilled twice a day to maintain flow rates. Media for each treatment were prepared as for Expt 2. Dechlorinated tap water (NO x − -N 7 µM; TAN 0.0 µM; PO 4 3-0.65 µM) was used to prepare 17 ‰ culture media, and background levels of phosphate and nitrate were restored. Stocks of NH 4 Cl and KNO 3 were used to make both single and multiple nitrogen source treatments, and fresh nutrient media were prepared daily. Culture vessels were repositioned daily to avoid any potential effects of variable flow rates, temperature and light in the experiment. Stock biomass was acclimated in batch culture for 5 d prior to the experiment, as before. Daily growth rates (DGR) were calculated over 8 d of culture, according to Eq. (2).
Temperature and light intensity were measured daily. Temperature (minima and maxima) was measured using 4 thermometers spaced throughout the culture area. Light intensity was measured hourly from 07:00 to 18:00 h on the first day (using a LiCor Li 250 meter), and then subsequently at 07:00, 12:00 and 18:00 h on remaining days. Average (±1 SD) daily temperature and surface irradiances (photosynthetically active radiation; PAR) over the course of the experiment were 26 ± 5°C and 981 ± 192 µmol photons m −2 s −1
, respectively. Salinity was also monitored daily using an Oakton P650 multi-parameter probe.
Statistical analyses
Classification and regression trees (CART) were used to analyse the data from the in situ and controlled environment experiments using the TreesPlus software (De'ath 2002) . We ran univariate CART analyses to explain variation in a single response vari-able (productivity in Expt 1 and DGR in Expts 2 and 3) by multiple explanatory variables. Expt 1 had a combination of variables that were categorical (site, month and density) or continuous (total nitrogen concentration, temperature, salinity and nitrogen ratio). Expts 2 and 3 were comprised only of categorical variables (temperature, salinity, nitrogen concentration and source, and salinity and nitrogen ratios, respectively). CARTs explain variation using a stepwise process which splits explanatory variables in a pairwise manner to create homogenous clusters of data (De'ath & Fabricius 2000) . The branch splits minimize the sums of squares (SS) within groups, which is equivalent to a least-squares linear model. Pruning of the final tree was made by 10-fold cross-validation to develop a simple predictive model (De'ath & Fabricius 2000) . In our analyses, fifty 10-fold cross validations were performed, and the 'best' tree (minimum estimated cross-validated [CV] error) was selected as the final model for each experiment (see Figs. 1a, 3a & 5a) . These analyses identified the relative importance of explanatory variables involved in complex interactions for each model (see Figs. 1b, 3b & 5b) .
Missing values where culture units were lost during Expt 1 were omitted from the CART analysis, and the surrogate function in TreePlus was disabled. The data sets for each experiment were plotted in 2 ways, firstly as the tree from the CART analysis (mean values and number of replicates are listed below each of the terminal nodes) and, secondly, as the means for relevant main effects for each experiment (see Figs. 2, 4 & 6) .
RESULTS
Environmental parameters monitoring in situ
There were large temporal variations in both temperature and salinity in the settlement pond (Table 1) . Annual averages of temperature and salinity were 28°C and 32 ‰, respectively. In the wet season (during austral summer, November to March) temperature was high and salinity low and the extremes of these variables were 33°C and 17 ‰, respectively (Table 1) . Conversely, in the dry season (austral winter, June to September) temperature was lower and salinity higher, with extreme values at 24°C and 40 ‰, respectively (Table 1) Table 1 ). The highest mean nitrogen concentration across the 8 sites sampled was recorded in January (austral summer, peak production) at 94.9 µM (51.4 µM NO x − -N and 43.5 µM TAN; Table 1), while the lowest level of nitrogen recorded was in June (austral winter, off-peak production) at 37.1 µM (26.4 µM NO x − -N and 10.7 µM TAN; Table  1 ). NO x − -N was always present at a higher concentration than TAN throughout the year, with NO x − -N:TAN ratios varying, on average, from 1.2:1 to 2.5:1 (Table 1) . Individual sites within the pond showed variation from a low of 1.3:1 at Site 1 in June through to a high of 14.6:1 at Site 8 in August.
Expt 1: in situ biomass productivity
Cladophora coelothrix had sustained productivities in situ. Stocking density was the most important split for higher nitrogen concentrations in the CART (> 42.5 µM; Fig. 1a ; branches to the right). The stocking density of 1 kg m −2 yielded the highest productivities overall, particularly in the month of August , respectively) except for Site 1, which was closest to the inlet point (Fig. 1a) . Productivity in the settlement pond correlated with all of the explanatory variables in the model; however, the relative importance of each factor varied (Fig. 1b) . The CART model (58% of the variability explained) revealed that total nitrogen concentration (NC 100%) was the main driver of productivity and was correspondingly the first branch in the tree, splitting replicates with > 42.5 µM from those < 42.5 µM (Fig. 1a) . The position within the pond (Site), the stocking density (Den) and the months (Mon) in which they were cultured also influenced productivity in situ (79.7, 70.6 and 65.2% relative to the nitrogen concentration, respectively; Fig. 1b) . However, the influence of each of these variables depended on nitrogen concentration. For example, 'Site' was the most important split for low nitrogen concentrations, grouping Sites 1 to 5 and 6 to 8 with mean productivities of 4.3 and 2.5 g DW m −2 d −1
, respectively ( Fig. 1a ; branches to the left). Moreover, even though salinity and temperature varied substantially over 4 mo (32 to 40 ‰ and 24 to 28°C from June to September, respectively), these factors had the least influence on productivity (40.5 and 35.1%, respectively), while the ratio NO x − -N:TAN had the lowest overall relative importance at 28.2% (Fig. 1b) . None of these 3 variables influenced the splits in the tree.
Nitrogen concentration at the sites followed a clear trend, from highest at the inlet through to lowest at the outlet for each of the months (Fig. 2a) . Overall, nitrogen concentration was lowest in June and increased steadily through to September; however, the largest differences in nitrogen concentration between months were found at the inlet sites, in particular Site 1 adjacent to the inlet (Fig. 2a) . This differentiation between Site 1 and the remaining sites also corresponded to a split in the tree with a higher productivity at Site 1 (5.9 g DW m −2 d ) under high nitrogen with lower stocking densities of 0.25 and 0.5 kg m −2 (Fig. 1a) . In general, the site within the pond influenced productivity in a consistent way over the months. The productivity across all densities for Sites 1 to 5 was on average 70% higher than productivity at Sites 6 to 8 (~5.4 ± 0.28 and 3.2 ± 0.37 g DW m
, respectively) (Fig. 2b) . Furthermore, average in situ productivity across all sites increased between the months of June to September, with a clear effect of stocking density in August and September (Fig. 2c) , corresponding to the same split in the tree above ( Fig. 1a ; right side). This effect correlated with an increase in nitrogen concentration over months (Table 1) . In June and July, when nitrogen was lower (37.1 and 55.7 µM, respectively), there was no obvious difference in productivity across the 3 densities tested (~3.8 ± 0.19 and ~4.0 ± 0.27 g m −2 d −1 , respectively; Fig. 2c ). For the months of August and September, in which the nitrogen concentration was higher (~70 µM), productivity was greater for the 2 higher stocking densities tested (Fig. 2c) ; see also this mean value in the CART diagram in Fig. 1a ), while at lower stocking densities (0.5 kg m −2 ) the peak productivity was reached in September (Fig. 2c) . No difference was found for cultures stocked with 0.25 kg m −2 in all months, indicating that there were no growth-limiting factors for the low density treatment (Fig. 2c) .
Expt 2: interactive effects of temperature, salinity and nitrogen (concentration and source) on growth Cladophora coelothrix daily growth rates varied from a maximum of 8.3% d −1 at lower temperatures and nitrogen concentrations > 70 µM, irrespective of salinity ( Fig. 3a; right branches) , to a minimum of 2.9% d −1 , at high temperature, low salinity and nitrogen concentrations ≤105 µM ( Fig. 3a; branches to the Fig. 3b ) and was also the first split in the tree (Fig. 3a) , splitting the annual average and high temperature treatments from the low temperature treatments. Salinity and nitrogen concentration were subsequently the most important variables for the 28 and 33°C split and the 24°C treatments, respectively (25 and 21%; Fig. 3b) . Nitrogen source had a negligible influence on growth, <1% (Fig. 3b) . Nitrogen concentration was important for Cla dophora coelothrix growth at low and mid-temperatures ( Fig. 4a, 24°C; Fig. 4b, 28°C) . Concentrations of 70 µM and above (up to 210 µM) promoted higher daily growth rates than a nitrogen concentration of 35 µM, regardless of the salinity or nitrogen source (Fig. 4a,b) . Moreover, growth appeared to saturate with nitrogen concentration at 70 µM (Fig. 4a,b) . There was a marginal interaction be tween nitrogen concentration and salinity at low temperature (24°C; Fig. 4a ), which corresponds to an analogous branch split in the tree ( Fig. 3a; to the right). This resulted in lower growth at low salinity and low nitrogen concentration (17 ‰ and 35 µM) compared to low salinity treatments with higher nitrogen concentrations (70, 105 and 210 µM; Fig. 4a ).
Under average to high temperatures (28 and 33°C), the average to high salinity (32 and 40 ‰) treatments grouped and were higher than any combination of low salinity treatments ( Fig. 3a; branches to left). The largest, distinct combination of explanatory variables in the model related to temperature at 33°C and salinity at 17 ‰, with a final split between high and low nitrogen concentrations (Figs. 3a & 4c) . The low nitrogen concentrations in this split yielded the lowest overall growth rate for any treatment combination at 2.9% d −1
. Interestingly for each 'extreme' treatment there was a split which yielded reasonable growth rates, for example, low salinity combined with average temperature (28°C) yielded relatively high growth in comparison to high temperature (33°C) (Fig. 3a) . Similarly, where potentially negative combinations of low salinity (17 ‰) and high temperature (33°C) existed, higher nitrogen concentrations (210 µM) yielded enhanced growth compared to low nitrogen; the lowest of all treatment combinations ( Fig. 3a; to the left) .
At the highest temperature tested (33°C), growth rates were high (> 5% d −1 ) provided that salinity was high (> 32 ‰). This result was consistent irrespective of nitrogen concentration and source (Fig. 4c) . The combination of extreme conditions of high tempera- ; Fig. 4c ). However, these growth rates were comparable to higher salinities if cultured at the highest nitrogen concentration (e.g. 4.8% d −1
) with a trend of increasing growth with increasing nitrogen at 17 ‰ (Fig. 4c) .
Expt 3: interactive effects of single and multiple nitrogen sources with salinity on growth
Daily growth rates in the mesocosm experiment were always higher at 32 ‰ than at 17 ‰, irrespective of the ratio of nitrogen source available (Fig. 5a ). The CART model with these 2 explanatory variables, salinity and nitrogen ratio, explained 86% of the variation in the data, and both variables were important for growth in the CART model tested (100% vs. 85%; Fig. 5b ), with salinity dictating the primary branch split and nitrogen ratio driving all subsequent splits in the model (Fig. 5a ). The interactions between salinity and nitrogen ratio were distinct for each salinity treatment. Under low salinity (17 ‰), there was a negative influence of the 1:3 NO 3 − -N:TAN treatment that yielded the lowest overall average productivity. The remaining ratio treatments then partitioned between single source and combinations (1:0 and 0:1 vs. 1:1 and 1:3; Figs. 5a & 6). For higher salinity (32%), there was a single split between single source and multiple nitrogen sources, i.e. irrespective of ratio (Figs. 5a & 6) . In general, the single source nitrogen provided the higher productivity for both salinity treatments (16% more in 32 ‰ and ~22%, on average, more in 17 ‰).
Because Expt 3 contained only 2 factors, the tree (Fig. 5a ) almost entirely reflects the trends of the mean values for each of the combination of treatments (Fig. 6) . Overall, DGRs were high for most treatments, other than low salinity with single source ammonium (>10% d −1 ; Fig. 6 ), indicating high resilience across salinities and nitrogen sources. Growth rates were higher (by ~20%) with a single nitrogen source (1:0 and 0:1) than with any combination (3:1, 1:1 and 1:3) of NO 3 − -N and TAN (Fig. 6) . High salinity typically yielded higher growth rates than low salinity (32 and 17 ‰, respectively), similar to Expt 2, regardless of the NO 3 − -N:TAN (Fig. 6) . Single sources of nitrogen promoted the highest daily growth rates both at high salinity (15.5% d -1 for TAN and 14.2% d -1 for NO 3 --N; Fig. 6 ) and low salinity (11.9% d -1 for No 3 --N and 11.5% d −1 for TAN). Growth rates were lower when nitrogen was supplied as multiple sources. At salinity 32 ‰, there was no clear difference between any combinations of nitrogen sources, whereas, at the lower salinity (17 ‰), growth rates were lower in the treatments (Fig. 6 ). All of these interpretations are consistent with combinations of salinities and nitrogen ratios from the CART output (Fig. 5a ).
Comparison of growth and productivity between experiments
The CART models developed for Expts 1 to 3 constitute a valuable tool for quantitatively assessing the response of a species to dynamic environmental conditions. We used data derived from experiments at 3 different scales, from in situ cultures through to controlled environment experiments. Even though the in situ experiment only ran for 4 mo, it captured marked variation in conditions in the settlement pond (temperature ~24 to 28°C, salinity ~32 to 40 ‰ and nitrogen concentration ~35 to 70 µM), as well as highlighting management tools for the system (e.g. position within the pond and stocking densities). The controlled environment model from Expt 2, in contrast, represents the environmental variation of an entire growing season and provides an analysis of the resilience of Cladophora coelothrix in conditions relevant to this integrated system. Each experiment had different conditions, and therefore there was no clear mechanism to correlate data across these experiments. For example, the water delivery system was different (continuous and flow-through for Expts 1 and 3, respectively, and static for Expt 2), and the stocking densities used in situ (approximately 6.8, 3.4 and 1.7 g l −1
) were higher than those for the laboratory and mesocosm experiments (1 and 0.5 g l −1
, respectively). Nevertheless, it is notable that the relative importance of variables from the CART models followed the same trend across the different scales of investigation, with temperature, salinity and nitrogen concentration as the main drivers of growth, albeit with some minor variations. The laboratory model (Expt 2) demonstrated that temperature was clearly the main driver of changes in growth rates throughout the year, followed by nitrogen concentration and salinity. Given that the period of the in situ trial corresponded to the lowest temperature and highest salinity, i.e. close to the optimum conditions as predicted from Expt 2, it was therefore both predicted and demonstrated that nitrogen concentration was the major driver of growth in Expt 1. All of the models demonstrated that the nitrogen source or the ratio between nitrogen sources had the least influence on growth, consistent with a strong relationship between the laboratory, mesocosm and in situ models.
DISCUSSION
One pathway for the selection of algae for biomass applications in integrated aquaculture is to utilise species that already exist and opportunistically bloom in aquaculture facilities, including green tide algae (de Paula Silva et al. 2008 , Hernandez et al. 2008 . In order for these species to be truly integrated, and become a reliable and commercial source of biomass, it is essential to understand the influence of seasonal changes in environmental conditions on growth, biomass yield and bioremediation potential. Here we demonstrated that the green tide alga Cladophora coelothrix is tolerant to the concurrent and extreme seasonal fluctuations in temperature, salinity, nitrogen concentrations and sources that are characteristic of tropical land-based aquaculture. Because these environmental factors typically co-vary, we used 3 scales of investigation combined with classification and regression tree analyses to partition the complex data sets and determine the relative importance of different factors under different conditions. We found that growth of C. coelothrix was sustained in most combinations of environmental factors and nitrogen (concentrations and sources), demonstrating resilience in this high-nutrient system. Furthermore, the CART models revealed that all factors influenced growth, but to different extents, with temperature as the main driver of seasonal variation in productivity. Salinity and nitrogen concentration (but not source) were also important, but only in conditions representative of the extremes of seasonal fluctuations. Although nitrogen was not a critical factor compared to large seasonal changes in temperature and salinity, it remained the most crucial factor for growth within a single season for the in situ experiment. The present study defines growth and resilience of an alga for integrated aquaculture across 3 scales of experimentation and provides formal models of these data as a tool for managing biomass yields in changing environments. Seasonal fluctuations of temperature and salinity are recognized constraints for biomass production (Yang et al. 2006 ) and bioremediation (MarinhoSoriano et al. 2009 ) through integrated algal culture. This problem has been resolved or managed in some instances using alternation of species with complementary tolerance ranges across seasons (Buschmann et al. 2008 , Skriptsova & Miroshnikova 2011 ). Here we instead selected Cladophora coelothrix as it was a pre-adapted and reoccurring bloom-forming species, and found that it had a high environmental tolerance to both extremes of temperature and salinity that corresponded to dry winter and wet summer seasons in the tropics. These tolerances were similar to those reported for C. coelothrix in the tropics, where growth was maintained in temperatures up to 35°C (Cambridge et al. 1987 ) and salinities ranging from 15 to 45 ‰ (de Paula Silva et al. 2008) . However, even if a species has a broad tolerance to any single environmental factor, stress from an additional factor may reduce overall performance (Rivers & Peckol 1995 , Lotze & Worm 2002 . Therefore, understanding and predicting the interactions between environmental factors is critical for implementing seaweedbased integrated aquaculture, particularly in open systems subject to seasonal changes in conditions (Abreu et al. 2011) .
CART analyses provide a practical tool for determining the relative importance of factors that often co-vary in nature (De'ath & Fabricius 2000) and also for partitioning factors involved in complex interactions in manipulative experiments (present study). Our results demonstrate that the interaction between environmental factors is the most critical aspect for determining species resilience in integrated aquaculture. Aquaculture in the tropics is characterized by 2 distinct seasons (wet vs. dry) which also correlate with fish production cycles (peak in the wet vs. offpeak in the dry). This leads to a simultaneous seasonal extreme of temperature (33°C) and salinity (17 ‰) in the austral summer, an interaction that produced the lowest overall growth of Cladophora coelothrix, similar to other Cladophora species (Thomas et al. 1988 ). However, the environmental stresses relating to temperature and salinity were buffered by high nitrogen concentration (Hernandez et al. 2008, present study) , potentially by providing osmotic balance in the low salinities (Kamer & Fong 2001) . Alternatively, the dry season extreme (winter) in the tropics yielded conditions that were optimal for growth (< 28°C, > 32 ‰), even at relatively low nitrogen concentrations (35 µM). Our CART model based on the controlled environment component predicted that the optimal conditions for C. coelothrix are temperatures from ~24 to 28°C and salinities from ~32 to 40 ‰. This was confirmed in situ for 4 mo (June to September, austral winter), where high productivity was achieved for biomass cultured in the settlement pond, and highlights, in this case, the importance of nitrogen concentration as a driver of productivity when temperature and salinity are close to optimal.
Adequate nitrogen supply is essential to sustain high biomass productivity in seaweed-based integrated culture systems (Harrison & Hurd 2001) . Nitrogen concentration was the most important factor in the in situ experiment, where it doubled in concentration over the 4 mo (from June to September), and was also the factor with the highest spatial variability in the settlement pond. Correspondingly, productivity was higher in August and September than in July and July, as nitrogen concentrations were low in the latter period. Within the pond, higher productivity was achieved in sites receiving effluent with higher nitrogen concentration. Similar large effects of nitrogen concentration are seen for other integrated species (Matos et al. 2006 , Schuenhoff et al. 2006 , indicating it can commonly be a limiting factor even for integrated systems. However, even when nitrogen is not limiting, it may still have a role in maintaining growth rates under extreme conditions (Dodds & Gudder 1992) .
Clearly an ability to tolerate high and variable nitrogen concentrations is an advantage in integrated algal culture systems, and this includes tolerance of specific nitrogen sources such as the high ammonium concentrations from fish production (Neori et al. 2004 , Phillips & Hurd 2003 . However, the CART models show that nitrogen sources (nitrate or ammonium, single source or in combination) had less influence on productivity than total nitrogen concentration. The ratio of nitrate to ammonium in situ was highly variable, yet there were no clear preferences for either nitrogen source. In theory, growth with ammonium as a nitrogen source should be higher than nitrate, because ammonium ions diffuse through the cellular membrane, whereas nitrate uptake incurs a cost through enzymatic reactions (Raven et al. 1992 ). This lack of preference for a nitrogen source is a common feature across a broad taxonomic range of algae (Navarro-Angulo & Robledo 1999, Carmona et al. 2006) , and it is likely that Cladophora coelothrix can utilize nitrate and ammonium simultaneously (Phillips & Hurd 2003 , Cohen & Fong 2004 or sequentially (Neori 1996) . Our manipulative experiments revealed that it was not the preference for nitrate or ammonium that was important, but the co-supply of multiple sources that reduced growth below potential. Therefore, full growth potential is unlikely to be achieved in this treatment pond, or any pond where ammonium has not been oxidised to nitrate. The explanation for this antagonistic result is that ammonium can inhibit nitrate uptake by inactivating or slowing the synthesis of nitrate reductase (Berges et al. 1995 , Young et al. 2005 ), even at low concentrations (< 5 µM) (Thomas & Harrison 1987) . Enhancing the oxidation of ammonium to nitrate by denitrifying bacteria using biofilters could be an important strategy to complement existing conversions in order to increase the nitrate to total ammonium nitrogen ratio >1:3, as even this ratio was detrimental in our study. Furthermore, values in situ commonly reach 2:1 during times of the year where environmental factors are optimal and therefore algal productivities may be significantly enhanced.
Implementation of large-scale effluent bioremediation must be supported by appropriate models suitable for up-scaling to annual productivity and bioremediation (Troell et al. 2003) . Here, we used defined experimental designs to create predictive CART models that assess the relative importance of multiple, co-varying environmental variables for algal growth in an integrated system. The controlled environment model captured the seasonal trends in algal productivity over an entire annual cycle, and, importantly, the relevant output of this model was consistent with the in situ experiment in the operational settlement pond. The experimental design used in our study is similar to that used for extrapolation to commercial scenarios (Troell et al. 2003) . Therefore, at the maximum productivity of 8.5 g DW m −2 d −1
, the system would produce 31 t ha −1 yr −1
, which is equivalent to 2.5 t ha −1 mo −1
. At this site the integrated algal system using Cladophora coelothrix could remove 72.5 kg ha −1 of nitrogen per month (at 2.9% nitrogen of dry weight; de Paula Silva et al. 2008) . The maximum productivity and bioremediation that can be achieved using this integrated pond system is comparable (Msuya et al. 2006) or higher (MarinhoSoriano et al. 2009 ) than others, however, not as high as intensive algal culture using aeration and high water exchange (Abreu et al. 2011) . Therefore, the addition of paddlewheels in the settlement pond for aeration and water flow could provide a means to enhance spatial productivity and could also enhance the conversion of ammonium to nitrate in the water column. However, these energy-intensive strategies would be better placed if there were an additional economic driver for the biomass, for example, the productivity and nitrogen content of the C. coelothrix biomass was high enough to promote use as biochar (Bird et al. 2011 (Bird et al. , 2012 or conversion to biofuels (Zhou et al. 2010 ). Given the formidable task of operational management of temperature and salinity in large, multiple hectare bioremediation areas, the selection of resilient algal species is fundamental to delivering effective and reliable biomass and bioremediation within integrated tropical land-based aquaculture. 
